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Abstract A hypothesis, proposed 25 years ago, that there is selection against
glycosylation in ruminant pancreatic ribonucleases by replacement of methionine to
leucine in the ancestral carbohydrate attachment site Asn–Met–Thr at residues 34–
36, was experimentally conﬁrmed. The replacement of leucine at position 35 by
methionine in bovine ribonuclease resulted in a three-fold relative increase in
glycosylation when expressed in Chinese hamster ovary cells.
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Introduction
One of the ﬁrst successful applications of column chromatography in protein
research was the separation of bovine pancreatic ribonucleases (RNase) A and B
(Martin and Porter 1951; Hirs et al. 1953). First it was thought that there was a
charge difference between the two components, until it was discovered that the
minor one (B) is an Asn-linked glycoprotein (Plummer and Hirs 1963). However,
the carbohydrate attachment site Asn–Leu–Thr (34–36) in this protein is glycos-
ylated at less than 20% of the molecules (Hirs et al. 1953). This contrasts much with
other mammalian pancreatic RNases (RNases 1) with one or more carbohydrate
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DOI 10.1007/s10528-008-9162-xattachment sites, which generally are fully glycosylated, like the RNases from pig
and horse (Beintema et al. 1976).
Our studies on the molecular evolution of RNases 1 included 18 sequences from
ruminant species (Pecora). Figure 1 shows the sequences of residues 34–36 in the
ruminant part of an evolutionary tree of RNases 1 (Beintema and Lenstra 1982). Ten
of the 18 sequences have Asn–Leu–Thr at these positions with minor glycosylation
at eight sequences (bold italic letters). Much carbohydrate attached to all molecules
in Asn–Leu–Thr occurs only in the RNases from giraffe and moose (normal bold
letters). In seven of the other eight sequences Asn-34 is replaced by another residue,
resulting in no glycosylation at this site. In six of these, position 35 is occupied by
Met, the ancestral residue at this position. It is important to note that in nonruminant
mammalian RNases 1 the ancestral sequence Met–Thr (35–36) is conserved
(Beintema and Lenstra 1982).
Werelatedtheseﬁndingstoaclassiﬁcationoftrueruminantsbasedonfeedingecology
and stomach structure in which giraffe and moose are grouped together as large
‘‘concentrate selectors’’ with a diet containing relatively little cellulose ﬁber and with a
relativelysimple(primitive)stomach(Hofmannet al.1976).Theseareexactlythespecies
investigated by us with much carbohydrate attached to the Asn–Leu–Thr sequence.
The impression of these sequence and glycosylation data is that there is selection
against carbohydrate attachment in ruminant ribonucleases, either by replacement of
Fig. 1 Amino acid sequences of the carbohydrate attachment site 34–36 in RNases 1 from true
ruminants and in several ancestors. Completely glycosylated sequences are in bold letters; partly
glycosylated sequences are in bold italic letters. This ﬁgure was published in Beintema and Lenstra
(1982) and also shows the topology of part of the RNase tree presented in this publication, which did not
yet include the RNase sequence of the primitive ruminant chevrotain (Tragulus javanicus) with the
nonglycosylated sequence Ser–Met–Thr (Breukelman et al. 2001)
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123Asn-34 or replacement of Met by Leu at position 35. The only exception among the
ruminants is RNase from Italian river-type water buffalo with a fully glycosylated
Asn–Met–Thr sequence (Fig. 1, normal bold letters), while the enzyme from
Indonesian swamp-type water buffalo has a nonglycosylated sequence Ser–Met–Thr
at positions 34–36 (Sidik et al. 1979).
Results
As Asn-linked glycosylation in the endoplasmic reticulum mainly occurs on the
nascent polypeptide chain, only the primary structure of a carbohydrate attachment
Fig. 2 (a) One representative example of three independent pulse/chase experiments. Pulse (3 min/
0.25 mCi/ml
35S met/cys), direct lysis (0 min), or chase (60 min) of wild type (wt) and L35M bovine
RNase in Chinese hamster ovary cells. After immunoprecipitation of RNase molecules with RNase
antibodies from the lysate (cells) and medium, samples were subjected to reducing SDS-PAGE followed
by autoradiography. Note: The cell-associated RNase B at 60 min is composed of Golgi forms (slow-
migrating) and endoplasmic reticulum forms (fast-migrating) (bold bar). (b) After quantiﬁcation of all
three pulse chases using ImageQuant, the mean values of ratio of RNase B to RNase A were plotted using
Kaleidograph. Standard deviations are given by the error bars
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123site will be of inﬂuence on the extent of its glycosylation. Therefore, we predicted
that a replacement of the Leu in the Asn–Leu–Thr sequence in bovine RNase 1 to a
Met (L35M) will enhance glycosylation (Beintema and Lenstra 1982). When we
made this prediction 25 years ago, it was not yet possible to test this experimentally.
However, now it is possible to construct a mutant with this replacement and express
it in parallel to the wild type in Chinese hamster ovary (CHO) cells and to study the
amount of carbohydrate attached in the product obtained (Deprez et al. 2005). As
shown in Fig. 2, the ratio of glycosylated (RNase B) to unglycosylated (RNase A)
of wild type bovine RNase in CHO cells is about 1, while in vivo in bovine pancreas
this ratio is less than 0.2 (Hirs et al. 1953), indicating a clear cell type difference. In
the L35M mutant in CHO cells there is indeed a three-fold relative increase in
glycosylation. The L35M mutant behaves like wild type in CHO cells, as shown by
the stable ratio of glycosylated to unglycosylated forms over 60 min and by the
amounts of secreted (medium) versus cell-associated (cells) forms after 60 min
(Fig. 2). This indicates that the L35M mutant is unchanged in respect to folding and
stability, but with enhanced glycosylation.
Discussion
Barnard (1969) proposed that a high level of pancreatic RNase is an adaptation to
digest RNA from the microﬂora in ruminants and other mammalian species with
ruminant-like digestion (fermentation in the stomach). Examples of species with
ruminant-like digestion are camels and kangaroo, which have pancreatic RNases
with no attached carbohydrate (Beintema and Lenstra 1982). Herbivorous species
with fermentation in the cecum, like pig, horse, and rodents, also have a relatively
high level of pancreatic RNase. These RNases are completely glycosylated if the
consensus sequence Asn–Met–Thr (34–36) is present, and in pig and horse there is
also extensive glycosylation at other sites in the molecule (Beintema et al. 1976).
At this moment there is no explanation for why there should be selection against
glycosylation of RNases in species with fermentation in the stomach, for which we
present evidence in this article. Until now, functional studies on the role of
pancreatic RNases in the digestive system of herbivorous mammals and the
inﬂuence of glycosylation are still waiting for further investigations.
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